Introduction {#sec1-1}
============

Platelet hyperaggregability, or sticky platelet syndrome (SPS), has only been described in a few studies, which mainly consist of case reports without sufficient patient numbers. The lack of a standardized definition has hindered the recognition of platelet hyperaggregability as an important risk factor for thrombosis. While platelet aggregometry (LTA) is considered the gold standard assay to detect qualitative platelet hypofunction, at our institution, a LTA panel is also used to evaluate increased platelet reactivity. However, little data is available to support the utility of such a panel in the evaluation of hyperaggregable platelets.

Prior studies have described *sticky platelet syndrome* as a congenital platelet abnormality characterized by clinical and laboratory features, such as hyperaggregability in response to varying concentrations of adenosine diphosphate (ADP) and/or epinephrine (Epi).^[@ref1]^ Three aggregation patterns have been associated with SPS: Type I, hyperaggregability to Epi and ADP; Type II, hyperaggregability to Epi alone;^[@ref1],[@ref3],[@ref5]^ and Type III, hyperaggregability to ADP alone.^[@ref2],[@ref5]^ These diagnostic criteria are commonly accepted and are used in the majority of published studies available. Additionally, preceding studies identified subsets of healthy volunteers (14-34%) who appeared to demonstrate a hyperaggregable platelet phenotype, most frequently observed in response to low concentrations of Epi;^[@ref8]^ however, follow-up data and assessment of thrombosis formation in this supposedly hyperaggregable population subset has not been well evaluated.

Despite these data, the mechanism responsible for platelet hyperaggregability and its role in thrombogenesis remains controversial and specific treatment recommendations for patients who exhibit high platelet reactivity, especially in the presence of anti-platelet therapy, are not established. The aim of this study is to use LTA to assess for spontaneous platelet aggregation, aggregation in response to full and low-dose Epi and ADP, as well as aggregation in response to arachidonic acid (AA), and identify a distinct pattern of platelet aggregation in patients without known risk factors who have experienced thrombosis. Additionally, LTA results will be correlated with PFA-100® (Dade-Behring, Marburg, Germany) closure time, when available.

Materials and Methods {#sec1-2}
=====================

Patient sample {#sec2-1}
--------------

The study protocol was approved by the institutional review board. All patients who received LTA to assess platelet hyperaggregability from 2006 to 2011 at Cedars-Sinai Medical Center were included in this retrospective investigation (n=130). The history of thrombosis was confirmed using thorough review of institutional medical records, responses to a LTA patient questionnaire submitted with the specimen requisition, and/or corresponding imaging studies. The LTA patient questionnaire also documented family history of thrombosis. Exclusion criteria included history of bleeding, myeloproliferative neoplasms or known coagulation disorders (*e.g.* Factor V Leiden). As part of the institutional hyperaggregable LTA panel, spontaneous aggregation, aggregation in response to full and LD Epi and ADP, as well as aggregation in response to AA, were measured. Of note, many studies were collected from outpatient samples and LTA analysis occurred at least a few weeks after presentation of the thrombotic event. Additionally, LTA was performed on 14 healthy volunteers who were included in this investigation to be used as a pilot control group.

Platelet aggregometry {#sec2-2}
---------------------

The patient and volunteer whole blood specimens were drawn into sodium citrate (3.2%) and transported at ambient temperature (approximately 20°C) to the laboratory. Platelet-rich plasma (PRP) was prepared by centrifugation at 1000 rpm for 10 minutes and platelet-poor plasma (PPP) was prepared by re-centrifugation at 3000 rpm for 15 minutes. The platelet count was adjusted to between 200×10^3/¼L^ and 300×10^3/¼L^ with autologous PPP. Platelet aggregation was performed using a BioData-PAP-4 aggregometer (Bio/Data Corp., PA, USA). Platelet aggregation in response to stimulation with the following agonists at doses recommended by the manufacturer, was determined: 500 µg/mL of AA, 20 µM of ADP, 2 µM of ADP, 100 µM of Epi, 10 µM of Epi, and with no agonist (*i.e.* spontaneous) (Bio/Data Corp., PA, USA). Low-dose concentrations were 1:10 dilutions of the original concentration. Test procedure: 0.45 mL PRP was transferred into a cuvette incubated at 37°C for 3 minutes. Then 0.05 mL of the agonist was added into the PRP and the aggregation pattern was allowed to generate for 10 minutes. For spontaneous aggregation, 0.5 mL PRP was placed into a cuvette without the addition of an aggregation agent. All testing was completed within four hours from the time the sample was obtained.

Values used for interpretation of platelet aggregometry {#sec2-3}
-------------------------------------------------------

Greater than 60% aggregation was considered normal for full-dose ADP, full-dose Epi and AA (locally determined response cut-off that corresponded with manufacturer's normal ranges provided in the package insert).

Findings suggestive of aspirin effect included one wave of Epi aggregation, ADP disaggregation or a decreased AA response. Aggregation in response to AA of less than 20% was considered to be adequate aspirin effect.^[@ref11]^

LD Epi and ADP aggregation was considered exaggerated if greater than 18%, a cut-off determined after discussion with the manufacturer.

Based on institutional experience, spontaneous aggregation was considered exaggerated if greater than 10%.

PFA-100 {#sec2-4}
-------

PFA-100 (Dade Behring, Marburg, Germany) was performed on the patient samples as per the manufacturer's guidelines. Whole blood was collected into sodium citrate (3.2%) and 800 μL of sample was pipetted into a collagen-Epi cartridge (a unit containing a membrane coated with 2 μg of equine Type 1 collagen and 10 μg Epi bitartrate) and a collagen-ADP cartridge (a unit containing a membrane coated with 2 μg of equine Type 1 collagen and 50 μg ADP) and loaded into the PFA-100 instrument. Using locally determined response cut-offs, the reference ranges are 65-185 seconds (s) for collagen-Epi and 71-118s for collagen-ADP, values similar to those suggested by the manufacturer. Therefore, a PFA-Epi greater than 185s and a PFA-ADP greater than 118s was considered prolonged.

Platelet morphology {#sec2-5}
-------------------

LTA results were also correlated with blood smear platelet morphology, when available. Platelet morphology was evaluated using a Wright-Giemsa stained peripheral blood smear.

Statistical methods {#sec2-6}
-------------------

Continuous variables were compared by means of t-test. Categorical variable were compared using the Fisher's exact test. Bivariate correlations were determined by calculating the Pearson's correlation coefficient. Statistical analyses were performed using 2013 GraphPad Software® (GraphPad Software, La Jolla, CA, USA).

Results {#sec1-3}
=======

Patient sample {#sec2-7}
--------------

A total of 130 LTA studies were evaluated in this investigation. After application of exclusion criteria, 115 studies remained, with an additional 14 healthy volunteer controls. History of thrombosis was documented in 94 (82%) studies. Baseline characteristics of patients with thrombosis are shown in [Table 1](#table001){ref-type="table"}. A relatively high prevalence of venous thrombotic events (65%) was observed within the patient population, as compared to arterial events (33%). Additionally, two patients (2%) had a history of both arterial and venous thromboses (DVT and MI). Documented use of antiplatelet medication at the time of testing was present in 35 (37%) patients. Of these, 21 reported aspirin use, 6 reported Plavix (Clopidogrel) use and 8 reported use of both aspirin and Plavix (Clopidogrel). Positive family history of thrombosis was indicated in 1 of 115 patients.

Platelet aggregometry results {#sec2-8}
-----------------------------

An exaggerated response to LD Epi was observed in 64 of 94 patients (68%) with thrombosis ([Figure 1A](#fig001){ref-type="fig"}), while an exaggerated response to LD Epi was observed in only 5 healthy volunteers (36%) (P=0.034). This exaggerated response to LD Epi was present in 65% and 69% of patients with arterial and venous events, respectively. Two patients with concurrent arterial and venous events showed abnormal LD Epi results. After exclusion of all patients with either ASA or Plavix effect on LTA, 49 studies remained. Of these, 34 (69%) showed an exaggerated response to LD Epi. [Figure 2](#fig002){ref-type="fig"} demonstrates an exaggerated LTA response to LD Epi in a patient who developed a deep vein thrombosis while on aspirin.

Abnormalities of platelet aggregation in response to LD ADP ([Figure 1B](#fig001){ref-type="fig"}) occurred less frequently and were not found to be significantly different between the two groups (P=1.00). Spontaneous aggregation was observed in 6 (6%) patients with thrombosis ([Figure 1C](#fig001){ref-type="fig"}).

Platelet count and morphology {#sec2-9}
-----------------------------

No significant difference in platelet count or platelet morphology was identified between patients with thrombosis and healthy controls ([Table 2](#table002){ref-type="table"}).

PFA-100 results {#sec2-10}
---------------

LTA results were correlated with PFA-100 results, when available. PFA-Epi and PFA-ADP were available on 88 (94%) and 85 (90%) patients with thrombosis, respectively. There was no correlation between the percent aggregation in response to LD Epi and the PFA-Epi (r=−0.171) or PFA-ADP (r=0.096) closure times.

Aspirin effect {#sec2-11}
--------------

Aspirin effect by LTA (defined as \>20% aggregation with AA)^[@ref11]^ was noted in 31 of 94 (33%) patients with thrombosis.

Among the 29 patients who had PFA-100 results available, 11 (38%) showed a prolonged PFA-Epi closure time, consistent with aspirin effect (*i.e*. concordant LTA and PFA-100), while the remaining 18 (62%) showed a normal PFAEpi closure time, suggesting no aspirin effect (*i.e*. discordant LTA and PFA-100) ([Figure 3](#fig003){ref-type="fig"}). Of the 18 patients demonstrating discordant aspirin results, 14 (78%) showed an exaggerated response to LD Epi (range 19-39% aggregation), while only 4 (22%) showed an appropriate response to LD Epi (\>18% aggregation). In contrast, only 4 of 11 (36%) patients with concordant aspirin results by LTA and PFA-100 demonstrated abnormal aggregation in response to LD Epi, and the degree of abnormality was minimal (19-21% aggregation *versus* \>18% for an appropriate response). Therefore, an exaggerated response to LD Epi was more often seen when the LTA and PFA-100 were discordant with regard to aspirin effect than when there was concordance between LTA and PFA-100.

Discussion {#sec1-4}
==========

In an effort to aid in the characterization of hyperaggregable platelets, the aim of this study was to use LTA to identify a distinct pattern of platelet aggregation in patients who have experienced thrombosis without a significant family or personal history of thrombophilia. An abnormal, exaggerated response to LD Epi was found in 68% of patients with thrombosis compared to 36% of healthy controls (P=0.034). After exclusion of patients with either ASA or Plavix effect on LTA, an exaggerated response to LD Epi was found in 69% of cases. This may represent a distinct LTA pattern that can be used to identify patients with hyperaggregable platelets who may be at increased risk of experiencing thrombosis.

Few prior published studies have described a congenital platelet abnormality, termed *sticky platelet syndrome*, which is characterized by hyperaggregability with varying concentrations of ADP and/or Epi.^[@ref1]^ It has been proposed that SPS is inherited in an autosomal dominant pattern^[@ref1],[@ref3]^ and has a prevalence of 12-33% in unexplained arterial thromboses and approximately 14% in unexplained venous thromboses.^[@ref2]^ Clinical symptoms associated with this syndrome are thought to include myocardial infarctions, transient ischemic attacks, optic neuropathy and recurrent venous thromboses.^[@ref1],[@ref3]^ Arterial events are thought to occur more frequently than venous events.^[@ref2]^ Interestingly, in our study, although the presence of an exaggerated response to LD Epi occurred at relatively the same rate in patients with venous and arterial thromboses, venous thrombotic events occurred more commonly than arterial events. However, this may simply represent a selection bias for ordering LTA on patients with venous events over patients with arterial events.

Platelet aggregometry {#sec2-12}
---------------------

Our study demonstrates that patients with thrombosis show exaggerated aggregation in response to LD Epi. This finding remains true even after patients with ASA or Plavix effect have been excluded. While studies have shown increased platelet reactivity in response to LD Epi in healthy volunteers,^[@ref8]^ follow-up data and assessment of thrombosis formation in this supposedly hyperaggregable population subset has not been well evaluated. Previous studies have also suggested the presence of globally hyperaggregable platelets in which individuals that show increased aggregation to LD Epi may also show increased aggregation to other agonists, such as ADP.^[@ref8]^ In our study, however, statistically significant abnormalities in response to LD ADP or spontaneous aggregation were not identified. This finding is similar to the previously reported Type II aggregation pattern in SPS.^[@ref1],[@ref3],[@ref5]^ With regards to heritability of hyperaggregable or *sticky platelets*, although previous studies have suggested an autosomal dominant inheritance pattern for *sticky platelet syndrome*,^[@ref1],[@ref2]^ in our study, per the LTA questionnaire, there was no significant family history of thrombosis. LTA results for patient family members were not available for review.

Role of epinephrine {#sec2-13}
-------------------

Epinephrine is known to play a major role in thrombogenesis. Epi has been found to activate human platelets through alpha 2-adrenergic receptors.^[@ref12]^ Epi itself can induce fibrinogen receptor exposure, as well as fibrinogen binding and platelet aggregation, in the absence of other agonists, including ADP, serotonin, platelet activating factor and thrombin.^[@ref13]^ The roles of epinephrine and fibrinogen are also demonstrated in a murine study showing that P-selectin glycoprotein ligand-1 knock-out mice developed a lower number of thrombi following collagen/Epi injections as compared to wild-type mice.^[@ref14]^ Plasma fibrinogen levels appear to regulate P-selectin expression on platelet membranes.^[@ref15]^ Additionally, Epi has been found to interact with elevated shear stress in stenosed vessels to induce platelet aggregation. Wagner et al suggest that although this response requires functional GpIIb/IIIa complexes necessary for fibrinogen mediated aggregation, it is independent of vWF-GpIb mediated adhesion.^[@ref16]^ It may be that the exaggerated response to LD Epi observed in patients with thrombosis is due to increased Epi receptor expression on the platelet surface or a gain of function mutation in platelets that renders platelets *hyperreactive* to lower in vivo concentrations of Epi.

Aspirin effect and PFA-100 {#sec2-14}
--------------------------

LTA can be used to assess for the presence of aspirin effect in the form of a diminished response to AA.^[@ref11]^ Additionally, aspirin effect has been demonstrated by a prolonged closure time with PFA-Epi.^[@ref11],[@ref17]^ In the current study, however, PFA-Epi closure time was normal in a large proportion (62%) of patients who showed aspirin effect by LTA, thus showing a discrepancy between the two assays. LTA is the gold standard for assessing platelet function by evaluating aggregation response to single agonists. Since PFA-100 measures global platelet function, it may be detecting platelet activation through receptors of pathways not inhibited by ASA and therefore, platelets are still functional despite an aspirin effect that is detectable by LTA. Prior studies have identified several factors affecting aspirin measurement by PFA-100, including elevated levels of fibrinogen,^[@ref18]^ VWF,^[@ref19]^ and adiponectin,^[@ref22]^ as well as the presence of type 2 diabetes mellitus.^[@ref22],[@ref23]^ Due to the retrospective nature of this project, these studies were not available for evaluation in our patient population.

In this study, the majority of the patients who showed normal PFA-Epi closure time despite the LTA showing aspirin effect also showed an exaggerated response to LD Epi by LTA. In contrast, an exaggerated response to LD Epi was seen in very few patients who showed concordant aspirin effect by both LTA and PFA-Epi. This may suggest, therefore, that in the discordant group, although aspirin effect is present by LTA, the expected prolongation of PFA-Epi is masked by platelet hyperaggregability, as demonstrated by exaggerated aggregation to LD Epi. We propose, therefore, that for a patient to be properly evaluated for aspirin effect, a LTA assessing response to AA and response to LD Epi be performed since the latter agonist may unmask an exaggerated platelet response that may require additional antiplatelet therapy.

Limitations {#sec2-15}
-----------

Since this study was a retrospective analysis, it is difficult to determine the exact timing of thrombosis in relation to LTA analysis; however, the majority of patients presented as outpatients and LTA was performed at least a few weeks after the acute thrombotic event. Prospective studies following both patients and healthy volunteers with normal and abnormal responses to LD Epi or LD ADP to assess for the development of thrombosis are needed to determine the significance of abnormal response to LD agonists and also to establish the threshold to call abnormal.

LTA agonist doses are not consistent between institutions and large control studies are needed to determine standard agonist doses according to the methods used (light-transmittance *vs* whole blood impedance aggregometry), as well as a standard assay duration (5 minutes *vs* 10 minutes). Interestingly, although our institution uses higher agonist doses than reported in other studies,^[@ref5]^ it is our experience that the majority of *normal* cases do not show increased aggregation to our LD Epi concentration and the difference in LD Epi aggregation between study and control populations is still observed. We feel that because the overall pattern of hyperaggregability is maintained, our results are comparable to prior studies, despite the difference in agonist doses. This situation stresses the need for standardization of agonist doses between institutions.

We were only able to evaluate patients that were referred to us. The studied patient population consisted of approximately 1/3 arterial events and 2/3 venous events. Although the sampled population demonstrates an apparent dominance of venous events, the rate of platelet hyperaggregability was similar in both groups.

Although it is not realistic to request cessation of antiplatelet drugs in the presence of a recent thromboembolic event, ideally, it is best to test patients for hyperaggregable platelets when antiplatelet medication has been stopped for at least 7-10 days. Although many of the patients in this study reported recent antiplatelet medication use, the rate of platelet hyperaggregability remained unchanged following exclusion of all cases that showed evidence of ASA or Plavix use on LTA. Interestingly, despite this apparent limitation, hyperaggregability was also identified in the presence of antiplatelet medications.

Conclusions {#sec1-5}
===========

Patients with thrombosis, either arterial or venous, demonstrated an exaggerated response to LD Epi more frequently than healthy controls. These patients reported no family history of thromboembolic events yet demonstrated hyperaggregable platelets. Therefore, platelet hyperreactivity is not necessarily a strictly hereditary condition, as previously described. In the presence of aspirin effect by LTA, a discordantly normal PFA-Epi closure time was associated with an exaggerated response to LD Epi. Normal PFA-100 results do not exclude ASA effect, which can be masked by underlying hyperaggregable platelets. Therefore, these data imply that there may be utility in using LTA to identify patients with a distinct hyperaggregable platelet phenotype who may be at increased risk of experiencing thrombosis and may benefit from a higher aspirin dose or the addition of a non-aspirin antiplatelet medication.

The etiology of an exaggerated response to LD Epi on LTA is still unknown. Some studies suggest a link between stressful situations and thrombosis,^[@ref7],[@ref24]^ which may be related to increasing levels of Epi. Because Epi can induce fibrinogen receptor exposure, as well as facilitate fibrinogen binding and platelet aggregation,^[@ref25]^ logic speculates that abnormal responses to LD Epi correlate with hyperresponsiveness to Epi and subsequent platelet hyperaggregability. Therefore, if there is an increased response to LD Epi, there is increased fibrinogen receptor exposure, increased platelet aggregation and consequently, hyperaggregable platelets.

Due to the likely multifactorial nature of platelet hyperaggregability, a functional assay, such as LTA, is superior to genetic testing and can be used for both diagnostic and management purposes in patients with unexplained thromboses.

The abstract was submitted, accepted and presented at 2012 International Congress on Thrombosis in Nice, France.

![Distribution of aggregation response to: A) low-dose epinephrine; B) low-dose adenosine diphosphate; C) no agonist (*i.e.* spontaneous).](hr-2014-03-5326-g001){#fig001}

![A 69-year-old male presenting with acute deep vein thrombosis of the left lower extremity while on 81 mg of aspirin. Platelet aggregometry remarkable for decreased arachidonic acid aggregation (right graph, curve 2), as well as decreased threshold for aggregation with low-dose epinephrine (left graph, curve 4).](hr-2014-03-5326-g002){#fig002}

![PFA-epinephrine results in patients with thrombosis who show aspirin effect by platelet aggregometry.](hr-2014-03-5326-g003){#fig003}

###### 

Characteristics of patients with thrombosis.

  Characteristics                                                  Patients with thrombosis (n=94)
  ---------------------------------------------------------------- ---------------------------------
  Age (years), mean ± SD                                           54±18
  Gender, n (%)                                                    
    Male                                                           44 (47)
    Female                                                         50 (53)
  Documented arterial event, n (%)                                 31 (33)
    MI                                                             1 (1)
    TIA or stroke                                                  25 (27)
    Other (ischemic colitis)                                       5 (5)
  Documented venous event, n (%)                                   61 (65)
    DVT                                                            37 (39)
    PE                                                             8 (9)
    DVT and PE                                                     13 (14)
    Other (splanchnic venous thrombosis)                           3 (3)
  Arterial and venous event (concurrent DVT and MI), n (%)         2 (2)
  Documented antiplatelet medication (ASA or Clopidogrel), n (%)   35 (37)

ASA, aspirin; DVT, deep vein thrombosis; MI, myocardial infarction; n, number; PE, pulmonary thromboembolism; TIA, transient ischemic attack.

###### 

Platelet count and platelet aggregometry results in patients with thrombosis and healthy controls.

                                         Patients with thrombosis (n=94)   Healthy controls (n=14)   P
  -------------------------------------- --------------------------------- ------------------------- -------
  Platelet count (×10³), mean ± SD       280±135                           249±47                    0.4
  Aggregation (%), mean ± SD                                                                         
    LD Epi                               26.3±14.3                         21.3±12.7                 0.22
    LD ADP                               7.5±7.4                           5.3±3.2                   0.28
    Spontaneous                          5.4±8.6                           3.2±1.5                   0.42
  Number of Abnormal LTA results, n(%)                                                               
    LD Epi                               64 (68)                           5 (36)                    0.034
    LD ADP                               4 (4)                             0 (0)                     1.00

LD ADP, low-dose adenosine diphosphate; LD Epi, low-dose epinephrine; n, number; LTA, platelet aggregometry; SD, standard deviation.
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